Introduction
Key studies over the last several years have demonstrated that the Rho family of GTPases regulate speci®c morphologic changes in the actin micro®lament-based cytoskeleton. Reorganization of this cytoskeleton facilitates the dynamic changes necessary for cellular adhesion, growth, and motility. Growth factors act via receptor tyrosine kinases, heterotrimeric, or serpentine receptors to induce distinct morphologic changes in ®broblasts and have been used to de®ne speci®c Rho family GTPasedependent pathways. Treatment of serum-starved Swiss 3T3 ®broblasts with lysophosphatidic acid (LPA), for example, rapidly generates stress ®ber formation and focal adhesion assembly and these eects can be mimicked by microinjection of constitutively activate RhoA . In this same cell type, treatment with bradykinin or microinjection of constitutively active Cdc42 induces peripheral actin microspikes (®lopodia) (Kozma et al., 1995) , while treatment with PDGF or microinjection of constitutively active Rac1 induces membrane ruing (lamellipodia) . The generation of stress ®bers in response to LPA is inhibited by C3, an exoenzyme produced by Clostridium botulinum Hall, 1992, Nobes and . C3 ADP-ribosylates the Rho proteins but is not believed to ADP-ribosylate Rac or Cdc42 to a physiologically relevant extent (Just et al., 1995) .
Hypothesizing that the Rho family GTPases might activate each other in a sequential fashion, investigators have attempted to determine whether activation hierarchies exist amongst these proteins (Kozma et al., 1995, Nobes and . A model of sequential activation has been proposed whereby Cdc42 induces ®lopodia, Rac induces lamellipodia and subsequent activation of Rho induces stress ®ber formation. Evidence also suggests, however, the existence of antagonism between Rho family GTPases, speci®cally Cdc42 and Rho. For example, co-microinjection of activated Cdc42 with C3 into serum-starved Swiss 3T3 ®broblasts accelerated ®lopodia formation when compared to Cdc42 microinjected alone, suggesting that inhibition of Rho may facilitate Cdc42-dependent eects (Nobes and Hall, 1995) . Microinjection of Cdc42 stimulated ®lopodia formation but promoted the loss of stress ®bers in serum-starved Swiss 3T3 cells (Kozma et al., 1995; Lim et al., 1996) . These results suggest that while hierarchies may exist amongst the Rho family GTPases, the concept of a linear dependence may not hold true in all cases. Cooperation amongst the Rho family GTPases, for example, is necessary for Ras-mediated transformation of NIH3T3 cells (Prendergast et al., 1995; Roux et al., 1997) . Competition between the acetylcholine-induced morphological pathways acting via Cdc42 and/or Rac and LPA-induced pathways acting via RhoA determines the development or collapse of nerve growth cones, respectively, in neuroblastoma cells (Kozma et al., 1997) .
We have previously employed a transient gene expression system based on Sindbis virus called ds SIN, to express the RhoA GTPase, its mutants and C3 (Moorman et al., 1996; Bobak et al., 1997) . This system facilitates expression of high intracellular levels of native proteins (Hahn et al., 1992) and allows us to study morphologic and biochemical events in a non-serum starved, asynchronous population of cells maintained in normal culture conditions. Using this expression system, we found that inactivation of RhoA using C3 exoenzyme induces apoptosis in hematopoeitic cells (Moorman et al., 1996) . Similarly, inactivation of Rho by expression of C3 or dominant negative RhoA induces adhesiondependent and -independent induction of apoptosis (Bobak et al., 1997) .
In this study, we demonstrate in both ®broblast and hematopoetic cells that actin micro®lament-dependent cytoskeletal organization is dependent upon the balance of Rho family GTPase activity within a given cell. On the other hand, cell survival signaling, as measured by the Rho GTPase inactivation-mediated induction of apoptosis, is an exclusive function of Rho and is not determined by such a balance.
Results

Inactivation of Rho induces cytoskeletal reorganization
The lack of prominent basal stress ®bers and the suspension cell nature of EL4 cells under normal growth conditions facilitates observation of changes in cytoskeletal organization. Expression of CAT in EL4 cells via dsSIN:CAT yielded a phenotype indistinguishable from uninfected EL4 ( Figure 1a , and data not shown). Previously, we have shown that essentially all RhoA proteins are modi®ed within 1 h post-infection with dsSIN:C3 in EL4 (Moorman et al., 1996) . Expression of C3 led to rapid cytoskeletal changes within 1 h after infection (Figure 1b) . These changes included the appearance of transient membrane rues, increased peripheral cortical actin, and microspikes that appeared neurite-like following phalloidin staining of actin, phenotypes that are consistent with the activation of Rac1 and Cdc42 (Kozma et al., 1995 . These ®ndings led us to question how the inactivation of Rho, which was accomplished in the presence of serum and growth factors, could lead to activation phenotypes of other Rho family GTPases, notably Rac1 and Cdc42.
To further delineate the eect of transient inactivation of Rho on cytoskeletal reorganization, we extended our studies to BHK cells, a ®broblast line. Sindbis-mediated transient intracellular expression of C3 in BHK led to rapid modi®cation of RhoA detected by immunoblotting (data not shown). Intracellular expression of CAT in BHK cells led to no discernible change in cytoskeletal structure when compared to mock-infected cells (Figure 2a , and data not shown); notably, both mock-and dsSIN:CATinfected cells exhibited stress ®bers, as observed in ®broblast cells cultured in high concentrations of LPA or FBS . Infection with dsSIN:C3 led to a phenotype representing a mixture of two distinct phenotypes that were observed within the overall population and within given cells. One type was characterized by prominent cortical membrane staining with the loss of stress ®bers, similar to the morphology reported for Rac1 activation . A separate and distinct phenotype was characterized by cytoplasmic extensions similar to the peripheral actin microspikes reported for the activation of Cdc42 (Kozma et al., 1995) (Figure 2b ). All infected cells eventually rounded up and detached from culture dishes, as described previously (Bobak et al., 1997 (Figure 3a ± c) . These proteins were readily detectable by Western blotting as early as 1 h post-infection, and were expressed at signi®cantly higher levels than the endogenous Rho family proteins detected in mock-or dsSIN:CAT-infected cells. A time course of expression Figure 1 Cytoskeletal reorganization in EL4 expressing C3 exoenzyme. EL4 cells were subjected to infection with Sindbis recombinants capable of expressing CAT (a) or C3 exoenzyme (b) at an MOI of 20 p.f.u. per cell. Infected cells were placed on a microscope coverslip, overlayed with media, and incubated for 2 h. Coverslips were ®xed, permeablized with nonionic detergent, stained with phalloidin and examined by¯uorescent microscopy. Representative actin microspikes and membrane rues are indicated by arrowhead and arrows, respectively. Cells expressing C3 exoenzyme adhere to coverslips to a greater extent and exhibit extensions from the cell body, extensive membrane ruing and numerous actin microspikes. The morphology of mock-infected cells was similar that of cells infected with a Sindbis recombinant capable of expressing CAT demonstrated consistently increasing levels of exogenous protein that reached a plateau between 3 ± 4 h post-infection (Figure 3c ).
Expression of constitutively active and wild-type Rho family GTPases induces cytoskeletal reorganization
Based on our experiments in which inactivation of Rho yielded activation phenotypes, we believed that a balance of Rho family GTPase signaling might be important to coordinate cytoskeletal reorganization in response to environmental signals. To test this possibility, we perturbed Rho family GTPase signaling in cells cultured under normal growth conditions by: (1) increasing the overall activity of the Rho family GTPases via expression of constitutively active mutants of Rho family GTPases; and (2) increasing the absolute amount of a given wild-type Rho family GTPase via overexpression.
We ®rst sought to alter the activity of the Rho family GTPases by expressing constitutively active forms (RhoA 63L , Rac1 12V and Cdc42
12V
) in BHK cells cultured under standard conditions (DME with 10% FBS). We anticipated that the observed phenotype would be a functional outcome of the constitutively active form of the Rho family GTPase being expressed. Infection of BHK with dsSIN:CAT did not lead to any phenotypic changes when compared to mock-infected controls. Cells infected with dsSIN:RhoA 63L exhibited a morphology similar to dsSIN:CAT-and mock-infected controls (Figure 4a and b) . This consisted of stress ®ber formation, presumably due to the high concentra- , however, we observed characteristic lamellipodia formation within 1 h after infection (Figure 4c ), appearing as increased peripheral cortical actin staining. Upon infection with dsSIN:Cdc42
, we observed cellular extensions characteristic of peripheral actin microspikes (Figure 4d ). Expression of constitutively activate Rac1 or Cdc42 was associated with an overall decrease in stress ®bers detected by¯uorescent microscopy. These data suggest that disrupting normal Rho family GTPase signaling can lead to a dominant phenotype that corresponds to activation of a given Rho family GTPase even in the presence of normal growth conditions.
To further study this issue, we overexpressed wildtype Rho family GTPases with the anticipation that increasing the relative amount of a given Rho family . Stress ®bers were noted in approximately 70% of both mockinfected and CAT-expressing cells, but in essentially none of either Rac1
12V -or Cdc42 12V -expressing cells protein over other family members would also disrupt a balance of signaling. We subjected BHK cells to infection with dsSIN:CAT, dsSIN:RhoA, dsSIN:Rac1, and dsSIN:Cdc42 and examined their F-actin cytoskeletal organization. Similar to the BHK infected with dsSIN:RhoA
63L
, cells infected with dsSIN:RhoA showed no signi®cant dierences from mock-or dsSIN:CAT-infected cells, exhibiting stress ®bers. Infection with dsSIN:Rac1 and dsSIN:Cdc42 led to phenotypic changes similar to those seen upon expression of constitutively active counterparts, although they appeared with slower kinetics (data not shown). These data suggest that, under normal growth conditions, augmenting either the activity or protein level of a given Rho family GTPase leads to cytoskeletal reorganization consistent with that GTPase.
Expression of dominant negative Rho family GTPases mimics activation of other Rho family GTPases
The above data support the concept that a balance of signaling by the Rho family GTPases plays an important role in determining cytoskeletal phenotype. If the balance rather than the absolute activity of a given Rho family GTPase is indeed what determines downstream output, then inhibition of speci®c Rho family GTPases should yield phenotypes associated with the Rho family GTPase that is not being inhibited. This was demonstrated in the inactivation of Rho by C3 expression. We approached this possibility by systematically reducing given Rho family GTPase activities via: (1) expression of individual dominant negative forms of Rho family GTPases; and (2) coexpression of two dominant negative forms of these GTPases. We and others have shown that, at a high multiplicity of infection, several viruses can enter the same cell and initiate replication simultaneously (Li et al., 1997 , and data not shown). When we coinfected dsSIN recombinants capable of expressing Rho family GTPases, expression of both GTPases was signi®cantly increased without altering the level of expression of the third GTPase (data not shown). Other investigators have also demonstrated coinfection with two dierent Sindbis recombinants capable of expressing dierent GTPases (Li et al., 1997) .
We anticipated that the reduction of signaling by one Rho family GTPase would allow the remaining Rho family GTPases to dictate cytoskeletal phenotype. We infected BHK cells with dsSIN:RhoA 17N yielded a phenotype exhibiting both stress ®ber and lamellipodia formation (Figure 5c ). These data suggest that under standard growth conditions inactivation of one Rho family GTPase allows the activities of the other Rho family GTPases to dominate.
Based on these ®ndings, we anticipated that coexpression of two dominant negative Rho family GTPases would reduce the signaling by their normal cellular counterparts and allow the remaining Rho family GTPase to dictate cytoskeletal phenotype. Coexpression of Rac1   17N and Cdc42 17N led to a phenotype consisting of predominantly stress ®bers, similar to control cells or cells expressing RhoA (Figure 5d ). In contrast, coexpression of RhoA 19N and Rac1 17N yielded a phenotype of peripheral actin microspikes similar to those observed upon Cdc42 activation, with loss of stress ®bers (Figure 5e ). Coexpression of RhoA 19N and Cdc42   17N , however, led to a phenotype predominantly characterized by lamellipodia, with loss of stress ®bers (Figure 5f ). These data support the hypothesis that cytoskeletal reorganization is determined by a balance of Rho family GTPase activities.
Simultaneous inactivation of RhoA, Rac1 and Cdc42 in BHK cells leads to multiple phenotypes
The studies above used expression of high levels of Rho family GTPases, which may alter subcellular localization and/or temporal regulation of the Rho family proteins. To assess phenotypic changes upon inactivation of these family members without employing their overexpression, we subjected BHK to treatment with C. dicile toxin A, an enzyme that UDP-glucosylates the Rho family GTPases at a threonine residue (T37 in RhoA, T35 in Rac1 and Cdc42) within their respective switch one domains. This residue is highly conserved amongst all GTPases and presumed to play a critical role for magnesium binding based on crystallographic data (Boguski and McCormick, 1993) . UDP-glucosylation of the Rho family GTPases by toxin A inactivates the proteins, but, unlike C3, toxin A has broad speci®city and can UDP-glucosylate Rho, Rac, and Cdc42 (Just et al., 1995) with comparable kinetics of modi®cation in vitro.
We treated subcon¯uent BHK with toxin A, ®xed the cells within 30 min (prior to a completely cytopathic eect) and examined cytoskeletal alterations. We observed varying phenotypes in the cells treated with toxin A, including many cells with a signi®cant cytopathic eect even at this early time period (data not shown). In addition to this cytopathic eect, we observed cells within the population exhibiting predominantly peripheral actin microspikes, lamellipodia, or stress ®bers, similar to those observed with activation of Cdc42, Rac1, and RhoA, respectively (Figure 6a ). Furthermore, some cells exhibited mixed phenotypes of microspikes, lamellipodia, and/or stress ®bers in dierent subcellular locations within the same cell (Figure 6b ), suggesting that dierential inactivation kinetics may be present even at a subcellular level within the same cell. We chose a dose of toxin A that would be high enough so that all cells would be treated with an equivalent dose. Toxin uptake appeared to be fairly rapid as cytopathic eect could be seen in all cells with 60 ± 90 min after intoxication. These studies demonstrate that inactivation of Rho family GTPases leads to cytoskeletal reorganization consistent with activation of the Rho family members and support the hypothesis that a balance of signals dictates cytoskeletal rearrangements.
Cell survival signaling is an exclusive function of Rho
Previously, we demonstrated that inactivation of Rho induces apoptosis in both adherent and hematopoetic cells (Moorman et al., 1996; Bobak et al., 1997) . These ®ndings support a role for Rho in cell survival signaling and provide us with another Rho-dependent function to assay. We anticipated that if a balance of Rho family GTPase activity also dictated cell survival signaling, then expression of constitutively active Rac1, Cdc42 or coexpression of these family members would mimic the inactivation of Rho and lead to induction of cell death. Notably, some studies support a role for both activated Rac (Lores et al., 1997; Gulbins et al., 1996) and Cdc42 (Chuang et al., 1997) in the apoptotic death of lymphocytes. The alternative possibility is that survival signaling is a distinct function of RhoA and occurs via an independent, Rho-speci®c pathway. To study this, we chose suspension cells that would not be subject to adhesion-dependent cell death.
We infected murine EL4 with Sindbis recombinants capable of expressing Rho family GTPases and C3 exoenzyme and assayed for apoptotic cells based on DNA content by¯ow cytometry following propidium iodide staining (Moorman et al., 1996) . Infection and coinfection in EL4 cells with dsSIN recombinants reliably leads to expression of these exogenous proteins (data not shown). Under normal growth conditions, less than 5% of EL4 cells undergo apoptosis when assessed by our technique. Twentyfour hours post-infection with dsSIN:CAT, there is no signi®cant change in the level of apoptosis in EL4 cells (Figure 7a ). In contrast, EL4 infected with dsSIN:C3, Figure 5 F We extended these studies to include expression of Rac1 and Cdc42 and their mutants (Figure 7a) . Since Rac1 and Cdc42 share several common eectors, we assayed the eect of inhibiting both of their functions by co-expression of Rac 17N and Cdc42 17N and found no increased apoptosis. These data suggest that cell survival signaling is an exclusive function of RhoA rather than a balance of Rho family GTPase signaling.
Because of previous studies suggesting a potential role for Rac proteins in apoptosis, we expanded our studies to include a dierent cell line, human Jurkat lymphoma cells. We infected these cells with Sindbis recombinants capable of expressing the RhoA, Rac1 and their mutants. As described above, dsSIN:CATinfected cells exhibited basal levels of apoptosis indistinguishable from that of mock-infected cells (Figure 7b) . Similarly, expression of wild-type RhoA Figure 6 Cellular F-actin phenotypes following treatment with toxin A. Subcon¯uent BHK were subjected to treatment with 1 mg/ml of toxin A, incubated for 30 min in normal culture conditions, ®xed, permeabilized, stained with phalloidin and examined by¯uorescent microscopy. Note the presence of varying Rho family GTPase activation phenotypes within the population (a) and within individual cells (b). Numerous cells exhibited cytopathic eect with cell rounding even at this early time point (data not shown) Figure 7 Apoptosis following expression of Rho family GTPases. Eects of activation/inactivation of Rho family GTPases on cell survival. EL4 (a) and Jurkat cells (b) were infected with mock or Sindbis recombinants capable of expressing CAT, Rac1, Cdc42, RhoA and their mutants as well as C3 exoenzyme at an MOI of 20. Cells were incubated at 24 and 40 h respectively, collected, permeabilized, stained with propidium iodine in the presence of RNAse, and analysed for DNA content by FACS analyses. Cells containing less than diploid DNA content were de®ned as apoptotic cells. Numbers over bars denote the number of independent experiments. Samples marked with an * have P values of at least 50.01 for paired comparisons with samples exhibiting basal levels of induction of apoptosis had minimal eect on cell death. Expression of either RhoA 19N or RhoA
37A
, however, led to signi®cantly increased levels of apoptosis.
In contrast, expression of Rac1 did not lead to appreciable levels of apoptosis when compared to dsSIN:CAT-infected controls (Figure 7b ). Neither of two independently-generated Sindbis recombinants capable of expressing dominant negative or constitutively active forms of Rac1 induced apoptosis. Similarly, co-expression of Racl 12V and Cdc42 12V or Racl   17N and Cdc42
17N
did not induce signi®cantly increased levels of apoptosis above mock-treated cells. These data in conjunction with the data employing mutant Rac1 and Cdc42 in EL4 suggest that neither Rac1 nor Cdc42 alter cell survival signaling by RhoA in this system.
Discussion
Within the Ras superfamily, the Rho family GTPases coordinate actin micro®lament-based cytoskeletal structures that are necessary for cellular adhesion, growth, and motility. Microinjection studies employing RhoA, Rac1 and Cdc42 and their mutants demonstrated speci®c morphological changes that are associated with these Rho family GTPases Kozma et al., 1995; Nobes and Hall, 1995) . Interactions amongst these proteins, however, have been less well-characterized. Our studies demonstrate that a balance of Rho family GTPase activities dictates cytoskeletal reorganization but does not appear to coordinate cell survival signaling. This balance of signaling implies that these molecular switches function en bloc as a key site of extracellular signal integration, as postulated by Kozma et al., (1997) .
The transient expression of Rho family GTPases permits studying cellular events under standard culture conditions rather than within the context of nutrientdeprivation or growth-arrest. Under these conditions, we would expect the presence of growth factors to provide tonic and simultaneous signaling through the Rho family members. In addition, transient expression facilitates the normal and necessary posttranslational modi®cations of expressed Rho family GTPases that may or may not occur upon microinjection of bacterially-derived Rho family proteins. These modi®cations have been shown to be crucial to Rho family member function and likely target these proteins to particular subcellular compartments (Boguski and McCormick, 1993, Hall and Zerial, 1995) .
Using transient expression of target proteins into various cell types, we have delineated a potential balance of signaling that may be dynamically dictating cytoskeletal reorganization in response to environmental signaling. We found that expression of C3 exoenzyme in EL4 and BHK cells induces a phenotype suggestive of activation of both Rac1 and Cdc42. In the globular EL4 cells, inactivation of the Rho GTPase clearly leads to rapid cytoskeletal changes consistent with lamellipodia, actin microspikes, and outgrowth of cell bodies enriched with cytoskeleton, ®ndings that support studies performed in neuroblastoma cells (Kozma et al., 1997) . Although it has not been demonstrated in vitro, it is possible that expression of C3 might modify Rac1, Cdc42, or other less studied Rho family GTPases, such as Rnd3/RhoE, in vivo. To address this, we expressed the Rho family GTPases and their constitutively active or dominant negative mutants both individually and in combination.
By increasing the activity of a given Rho family GTPase via expression of its constitutively active form, we observed a phenotype consistent with activation of the Rho family member being expressed. Similar results were obtained by overexpression of wild-type proteins, increasing the absolute quantity of the proteins rather than their activity per se. It is worth noting that transient overexpression of wild-type proteins is signi®cantly higher than the endogenous protein level. Thus, disruption of either the activity or overall quantity of one Rho family GTPase produced a dominant phenotype despite the (presumably) ongoing signaling by the other Rho family GTPases in response to extracellular growth factors. These data suggest that cytoskeletal organization is a product of a balance of Rho family GTPase signals whose activity or relative quantity might govern the ultimate cytoskeletal output. We did not expect nor did we detect dramatic changes in stress ®ber formation upon overexpression of wildtype or constitutively active RhoA, as have been described in microinjected, serum-starved Swiss 3T3 . Stress ®ber formation was observed in all cells at baseline, presumably because the LPA which induces their formation via RhoA when maintained in standard culture conditions. Supporting these data, expression or coexpression of dominant negative Rho family GTPase member(s) led to cytoskeletal reorganization similar to that observed upon expression of constitutively active Rho family GTPase(s). Expression of a single dominant negative Rho family GTPase led to phenotypic changes associated with activation of the remaining two Rho family GTPases. Expression of two of these three Rho family dominant negative proteins invariably led to cytoskeletal reorganization consistent with activation of the third Rho family GTPase. These data clearly demonstrate that cytoskeletal reorganization occurs by a coordination of Rho family GTPase signaling.
Other investigators have noted that microinjection of Rho family GTPases may produce abnormal levels, localization, or temporal regulation of the Rho family GTPases (Zigmond, 1996) , a salient critique that could be applied to our expression system. To address this, we sought to alter the activities of Rho family GTPases without increasing the amount of protein overall. We employed treatment with C. dicile toxin A, that inactivates all of the Rho family members by UDP-glucosylation. Without increasing the overall amount of Rho family GTPases present, we demonstrated dramatic cytoskeletal rearrangements consistent with activation of RhoA, Rac1 and Cdc42 within the population of cells. Moreover, these morphologic changes occurred at a subcellular level within the same cell, with a given cell exhibiting some or all of the phenotypes associated with activation of Rho family members. Investigators have observed cytoskeletal changes in toxin A-treated ®broblasts (Fiorentini and Thelestam, 1991, Thelestam and Florin, 1984 ) that consisted of arborization and cell rounding. Those experiments focused primarily on toxin A-mediated cytopathic eects, however, and examined cells at later time points and employed higher concentrations of toxin A.
In vitro studies of toxin A on Rho family GTPase modi®cation suggest that the kinetics of UDP-glucose incorporation into RhoA, Rac1 and Cdc42 are fairly comparable, being both rapid, and complete. It is unclear, however, that the in vivo glucosylation of the Rho family GTPases occurs equally. The limited studies done in vivo suggest complete modi®cation occurs at lower doses than those used in our studies, but these studies measured overall glucosylation in a population of cells (Chaves-Olarte et al., 1997) .
It is important to note that toxin A has been shown to UDP-glucosylate multiple Rho family proteins, including RhoA, Rac1, Cdc42, as well as Rap (Just et al., 1995 , Chaves-Olarte et al., 1997 . It does not appear to modify Ras, Rab, or Arf small GTPases, but it is possible that other as yet unknown or untested small GTPases, particularly within the Rho family, may be modi®ed by toxin A. While these data focus on the best-studied Rho family proteins, we cannot rule out from our observations that other Rho family members may be involved.
A balance of signaling also appears to be present in the cytoskeletal functions in EL4, which display similar cytoskeletal rearrangements following C3 expression to those observed in ®broblasts. Use of this cell line has allowed us to distinguish potentially distinct downstream in vivo functions of the Rho family GTPases. We and others have previously shown that in certain cell types Rho functions in a cell survival pathway (Avraham and Weinberg, 1989; Moorman et al., 1996; Bobak et al., 1997; Henning et al., 1997; Gomez et al., 1997) . Our data here suggest this downstream function of Rho is speci®c and not determined by a balance with Rac1 and Cdc42. Only the use of a dominant negative RhoA or inactivation of Rho by C3 exoenzyme could induce apoptosis in our studies. The switch 1 mutant RhoA A37 is likely functioning as a dominant negative in our studies because it cannot stabilize Mg 2+ chelation in its GTPbound form, thus favoring the GDP-bound inactive form (Wei et al., 1997) . This might permit sequestration of Rho guanine nucleotide exchange factors from interacting with endogenous Rho protein. Similary, the observation that a constitutively active RhoA could not rescue dominant negative RhoA-induced apoptosis might be a function of sequestering guanine exchange factors that catalyze nucleotide exchange on other Rho family GTPases that are important for cell survival. In such a scenario, RhoA might be necessary but not sucient for suppression of apoptosis.
Previous studies suggest a role for active Cdc42 in initiating apoptotic signaling in Jurkat cells (Chuang et al., 1997) ; the basal level of apoptosis in these transfected cells, however, was high, potentially due to the necessity for electroporation used for transient expression. We did not observe a high background level of apoptosis using viral transient expression. Studies have also suggested that activated Rac may be involved in apoptosis (Gulbins et al., 1996) , although these employed Rac2 rather than Rac1. We did not ®nd evidence that either constitutively active Rac1 or Cdc42 leads to induction of apoptosis in our system. Co-expression of Rac1 V12 and Cdc42 V12 also did not alter the level of apoptosis induced by expression of RhoA   19N . We conclude that each Rho family GTPase may function dynamically to control cytoskeletal morphology within the context of competing signals, but also separately signal via distinct pathways speci®c to that Rho family GTPase.
Supporting these distinct pathways are data on the regulation of the transcriptional activation of the c-fos serum response element (SRE) (Hill et al., 1995) . They noted that Rac1 and Cdc42 could activate a pathway leading to transcriptional activation of the c-fos SRE. Similarly, LPA and serum also led to transcriptional activation of this SRE, presumably mediated via activation of Rho. The Rac1-and Cdc42-mediated activation, however, was not sensitive to C3. Moreover, dominant negative Rac1 and Cdc42 did not eect the LPA-and serum-induced pathway. These data suggest that the Rho family GTPases may be involved in parallel signaling pathways to the SRE.
Our data support that a balance of competing Rho family GTPase activities might dictate cytoskeletal reorganization but not cell survival signaling. Evidence for such a competitive balance has recently emerged, especially in relation to Cdc42 and RhoA (Kozma et al., 1997) . The eects induced by microinjection of C42 into neuroblastoma cells were inhibited by co-injection of RhoA, suggesting antagonism between the two Rho family GTPases. Studies in Swiss 3T3 ®broblasts supported this concept, with the ®nding of an inverse relationship between LPA-induced stress ®ber formation and bradykinin-induced microspike formation (Kozma et al., 1995) . Earlier studies also revealed that microinjection of both C3 and Cdc42 induced ®lopodia formation more rapidly than injection of Cdc42 alone (Nobes and Hall, 1995) . It should be noted that our data do not completely support the concept of a hierarchy as delineated by Hall and colleagues (Nobes and Hall, 1995) . While their studies focused on selective activation of Rho family GTPases in growth factor-deprived cells, our approach was to alter Rho family GTPase function under standard culture conditions. We should also note that other small GTPases beyond those stressed in our studies may and likely do play a role in reorganizing actin cytoskeletal functions in cooperation with the Rho family members. For example, Rnd3/RhoE (Nobes et al., 1998) , with its ability to antagonize stress ®ber formation, might be important in such a role and has not been characterized in terms of biochemical modi®cations by toxins.
The mechanism by which the Rho family GTPases, might achieve a balance is unclear, although the recent identi®cation of interacting partners for RhoA, Rac1 and Cdc42 provide potential common eectors. Competition for these substrates through parallel but independent Rho family GTPase pathways may determine which Rho family GTPase signal predominates. Support for this mechanism can be found in the speci®city of Rho for one of its eectors, Rho kinase (Matsui et al., 1996) , and in the potential interplay between Rac1 and Cdc42 and their common eector, PAK (Manser et al., 1997) .
The advantage of using Rho family GTPases with common eectors may be that extracellular signals (such as bradykinin, LPA or PDGF) can be locally integrated, perhaps in a gradient fashion, by the Rho family GTPases into a desired output to coordinate the dynamic cytoskeletal rearrangements that are necessary for cellular attachment and motility. Additional signaling speci®c to the Rho family GTPase and presumably acting via separate eectors would activate distinct Rho family GTPase pathways that modulate cellular growth, survival and death. For example, survival signalling mediated by Rho or NADPH oxidase function mediated by Rac, might involve such distinct pathways.
Alternately, it is possible that activation-mediated translocation of a given Rho family GTPase recruits its putative substrate or eector to a subcellular location. Altering the relative balance of a given Rho family GTPase has the potential to in¯uence the ratio of membrane-bound to cytosolic concentrations of the other Rho family GTPases. This is especially true if the Rho family GTPases have membrane-binding sites that are similar, are proximate, or exist as large complexes containing multiple interacting molecules such as heterotrimeric receptors, tyrosine and serine-threonine kinases, and adapter molecules. Such sites of multiple signal integration have emerged in the areas of both integrin and T cell receptor signaling (Schwartz et al., 1995, Szamel and Resch, 1995) .
In summary, the Rho family GTPases appear to coordinate actin cytoskeletal rearrangements required for cellular functions. Our data support the concept that three major Rho family members, RhoA, Rac1 and Cdc42, transduce competing signals such that a balance of their signaling determines the ultimate cytoskeletal organization. There are potentially distinct pathways in which these GTPases function which are not controlled by this balance of signaling but appear to be independent functions of the given GTPase, an important one being the survival pathway mediated by Rho.
Materials and methods
Cell culture
EL4 and Jurkat lymphoma were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were incubated at 378C (7.5% CO 2 ) in RPMI 1610 media containing 10% (vol/vol) fetal bovine serum, 2 mM glutamine, 10 U/ml penicillin and 10 mg/ml streptomycin. Baby hamster kidney (BHK) clone 13 were also purchased from ATCC. Cells were incubated at 378C (7.5% CO 2 ) in Dulbecco's Modi®ed Eagle Media (DMEM) containing 10% (vol/vol) fetal bovine serum, 2 mM glutamine, 10 U/ ml penicillin and 10 mg/ml streptomycin. In both instances, cells were used between passage 9 ± 18 from the ATCC stock. and dsSIN:RhoA 63L , respectively) are previously described (Hahn et al., 1992; Moorman et al., 1996; Bobak et al., 1997) . Human Rac1 and Cdc42 cDNA were cloned from a human leukocyte cDNA library by PCR ampli®cation using the oligonucleotide sets of 5'-ccgcgggctctagaatgcaggccatcaagtgt-3', 5'-ccgcgggctctagattacaacagcaggcattt-3' and 5'-ccgcgggctctagaatgcagacaattaagt-3', 5'-aggagaaaacagtctagaat-3', respectively. Rac1 12V and Rac1 17N were generated by oligonucleotide-directed mutagenesis using 5'-tgtggagacgtcgctgtcggta-3' and 5'-taggtaaaaattgcctactg-3', respectively. cDNAs for human Cdc42 17N , respectively) were generated by in vitro transcription followed by transfection of infectious RNA to BHK cells as described previously (Hahn et al., 1992) . Titers of Sindbis virus recombinants were determined by plaque assay in BHK cells, aliquoted, and stored at 7708C until use.
Generation of double subgenomic Sindbis virus recombinants(dsSIN)
dsSIN infections
Cultured suspension cells were harvested at a density of 5 ± 7610 5 cells/ml and resuspended in Dulbecco's phosphatebuered saline (PBS) containing divalent ions at a concentration of 5610 5 cells/ml. Appropriate viral inocula were added and cells were incubated 1 h at 378C for viral adsorption. Following adsorption, prewarmed culture media were added to a concentration of 5610 5 cells/ml. BHK cells were plated on the day prior to infection in 6-well culture dishes at a density of 2610 5 cells/well to obtain subcon¯uent monolayers. Media were removed from the wells and 0.5 ml of PBS containing divalent ions were added. Appropriated viral inocula were added and cells were incubated 1 h at 378C for viral adsorption. Following adsorption, viral inocula were removed and 3 ml of prewarmed culture media were added to the wells. For co-infection experiments, both viruses were added simultaneously at an appropriate MOI.
C. dicile Toxin A treatment of BHK Subcon¯uent BHK cell monolayers were treated with 1 mg/ ml of C. dicile Toxin A (a generous gift of Dr D Lyerly, Techlab, Blacksburg, VA, USA) for speci®ed time periods, ®xed and subjected to cellular F-actin analysis.
Western blotting
Cultured cells were infected as described above, harvested at speci®ed times after infection, lysed in RIPA buer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EGTA, 1.0% NP-40, 0.5% deoxycholate, 1 mM 4-(2-aminoethyl)-benzenesulfonyl¯uoride, 0.3 mM aprotinin, 1 mM leupeptin), incubated for 15 min at 48C and centrifuged at 10 000 g for 10 min to eliminate the nuclear fraction and cellular debris. Total cellular protein was quantitated using a standard protein assay (Pierce, Rockford, Illinois), samples were normalized to 20 mg protein per well and separated by SDS-polyacrylamide gel electrophoresis (SDS/PAGE) on a 12% gel. Proteins were transferred onto Immobilon TM polyvinylidene di¯uoride (PVDF) membrane (Millipore Corp., Bedford, MA, USA) and blocked in 5% non-fat milk in Tris-buered saline for 1 h at room temperature. Hybridization with rabbit polyclonal antibody directed against a synthetic peptide of Rho A, Rac1 or Cdc42 (Santa Cruz Biochemicals, Santa Cruz, CA, USA) was carried out over 2 h, followed by washing with Tween-Tris-buered saline and incubation with horseradish peroxidase (HRP)-coupled goat anti-rabbit antibody. HRP activities bound to the membrane were detected by enhanced chemoluminescence (ECL, Amersham Corp., Arlington Heights, IL, USA) using various exposure times.
F-actin staining and¯uorescent microscopy
Cells on the coverslides were ®xed with 4% paraformaldehyde for 30 min and permeabilized in a solution containing 20 mM Tris.Cl (pH 7.8), 140 mM NaCl, 0.05% NP-40, 0.1% bovine serum albumin (BSA), and 0.02% NaN 2 . Cellular F-actin was stained using 0.1 mM¯uorescein-isothiocyanate (FITC)-conjugated phalloidin (Sigma Inc., St. Louis, MO, USA) for 1 h. Upon termination of staining, microslides were washed with permeabilization solution three times and mounted with GelMount (Biomeda Corp., Foster City, CA, USA). Prepared samples were examined using a Nikon D300¯uorescent microscope with PlanApo 60X/1.40 objective and a 480/ 515 nM ®lter.
Flow cytometric analysis of cellular DNA contents DNA content was analysed using¯ow cytometry as described (Moorman et al., 1996) . In brief, asynchronous cultured EL4 and Jurkat cells were subjected to infection with various dsSIN and harvested at 24 and 40 h after infection, respectively. Cells were washed with PBS and resuspended in a staining solution containing 50 mg/ml propidium iodide, 0.3% NP-40, 100 mg/ml boiled RNAase and 0.1% sodium citrate. Stained cells were incubated at 48C for at least 30 min to eliminate RNA and analysed using Bectin-Dickinson FACScan. Populations of cells containing sub-diploid DNA content were quanti®ed according to the DNA contents of the cell using BectonDickinson Cell Quest software. An average of 10 4 cell were analysed in each experiment.
